INTRODUCTION
Unisexual flowers in monoecious and dioecious species have evolved from hermaphrodite ancestors. The conversion of hermaphrodite flowers into unisexual flowers is always achieved by the suppression of the development of one of the sex organs (carpels or stamens). This has occurred independently in several angiosperm linages, giving rise to diverse sex determination mechanisms in plants, from species in which sex is determined by two unlinked genes controlling the arrest of either the stamens or the carpels to species in which sex determination depends on complex sex chromosome systems (Mitchell and Diggle, 2005; Jamilena et al., 2008; Ming et al., 2011; . In species of Fragaria and Cucumis, the recombination of unlinked sex-determining loci may result in a reversion to hermaphroditism (Boualem et al., 2008; Spigler et al., 2008; Martin et al., 2009) . The maintenance of dioecy in natural populations is only achieved when the loci controlling the arrest of the stamen or carpels are linked together without recombination. This is the first step towards the establishment of a non-recombining sex chromosome system, which is the most sophisticated and evolved mechanism of sex determination in both plant and animals.
Sex chromosomes have been detected in 40 angiosperm species (Ming et al., 2011) . In some species, the sex chromosomes are homomorphic because the X and Y are indistinguishable at the cytological level. There are few dioecious species in which X and Y sex chromosomes are heteromorphic, being distinguishable in size and shape from each other and from the autosomes (Jamilena et al., 2008; Ming et al., 2011; . As in animal systems, two genetic mechanisms are known to control sex determination in plants with sex chromosomes. Both in plants, such as Carica papaya and Silene latifolia, and in mammals, sex is determined by an active Y chromosome, the presence of the Y being necessary for male development. In other species, including Cannabis sativa and Rumex acetosa, as well as in Drosophila and Caenorhabditis elegans, sex determination does not depend on the presence or absence of a Y chromosome but is controlled by the balance between the number of X chromosomes and the number of autosome sets (X/A ratio).
Rumex acetosa has been an excellent model system for studying sex determination and chromosome evolution in plants. It has a highly differentiated sex chromosome system in which females are 2n = 12 + XX, while males are 2n = 12 + XY 1 Y 2 . The sex chromosomes are the largest of the karyotype, with the X slightly larger than each of the Ys. The two Ys of R. acetosa have a similar cytogenetic structure: they are both heterochromatic and highly differentiated with respect to the euchromatic X (Clark et al., 1993; Ruiz Rej on et al., 1994; Lengerova and Vyskot, 2001; Mosiolek et al., 2005) . The rapid accumulation and expansion of different DNA satellites and microsatellites, as well as the accumulation of amino acid substitutions, have contributed to Y chromosome divergence and loss of gene content and function, which is known as Y chromosome degeneration (Mariotti et al., 2009; Kejnovsk y et al., 2013; Hough et al., 2014) . Sex determination in this species is controlled by the ratio between the number of X chromosomes and the number of autosome sets. Diploids or polyploids with an X/A ratio ≥1 are females, while those with an X/A ratio ≤0.5 are males. Those with an X/A ratio between 0.5 and 1 develop flowers with intermediate phenotypes or are hermaphrodites (Parker, 1990; Ainsworth et al., 2005) . Sex determination genes have been cloned and characterized in few monoecious species, including maize (Bensen et al., 1995; Acosta et al., 2009) and cucurbits (Boualem et al., 2008; Li et al., 2009; Martin et al., 2009) , and are involved in different biochemical and physiological pathways. It is also known that in maize, small non-coding RNAs are able to regulate sex determination through DNA methylation (Hultquist and Dorweiler, 2008; Erhard et al., 2009) . Nevertheless, the identification of the genes involved in the sex determination of dioecious species is still under debate. In the present study, we report on the isolation and functional characterization of a flower-specific gene designated FEM32. This gene encodes for a protein whose structure and domains resemble those of the bacterial pore-forming toxins (PFT) of the aerolysin superfamily. The detailed characterization of the FEM32 molecular structure and its overexpression in tobacco suggest that it is probably involved in the arrest of stamen development and in pollen sterility.
Aerolysin is a b PFT that was first described in Anemonas species, but related toxins are also present in Gram-negative and Gram-positive bacteria. Domain architecture and protein structure analyses have shown that aerolysin-like proteins also occur in a diverse group of organisms from all kingdoms, including bacteria, fungi, animals, and plants (Mancheño et al., 2010; Szczesny et al., 2011; Moran et al., 2012) . The homology of aerolysin-like domains in species of different kingdoms indicates that recurrent horizontal gene transfer could have played an important role during the evolution of aerolysins (Moran et al., 2012) . Its variability and fusion events with other domains suggest that the aerolysin core domain is widely used and may serve diverse functions (Szczesny et al., 2011) . In eukaryotes, the aerolysin-like protein appears to be composed of an N-terminal lectin/agglutinin domain followed by the aerolysin poreforming domain (Moran et al., 2012) . Bacteria produce PFTs to kill other bacteria or, in the case of pathogenic bacteria, to modulate host cell death to establish successful infection and propagation (Bischofberger et al., 2012) . The biological functions of eukaryotic PFTs are not completely known, although they are involved in defence mechanisms against viruses, bacteria, fungi, nematodes and insects and have also been reported to trigger the apoptosis or programmed death of diverse target cells (Song et al., 2014) . We have studied and discussed in this paper whether these molecular mechanisms can regulate the development of unisexual flowers of the dioecious Rumex acetosa.
RESULTS
Construction and screening of a subtracted cDNA library from female floral buds With the aim of finding and characterizing genes involved in R. acetosa sex determination, we have taken advantage of a subtractive hybridization technique. We isolated a set of differentially expressed genes between male and female flowers of R. acetosa in very early stages of development, when differentiation between male and female flowers took place. cDNA from female floral buds was subjected to several rounds of hybridization with excess cDNA derived from male floral buds. Because heteroduplex molecules containing cDNA strands from both male and female flowers were not able to serve as templates in the PCR reactions, amplification by PCR allowed the enrichment of cDNA samples in genes specifically or predominantly expressed in female flowers. PCR products ranging from 300 to 1000 bp were cloned into Escherichia coli, thereby producing a cDNA library enriched in mRNA from female floral buds
The library was initially screened with cDNA from either male or female flowers. In a first screening, DNA inserts from 1000 clones were amplified by PCR, separated in agarose gels, transferred to nylon membranes and hybridized with cDNA from either male or female flowers. A total of 19 clones were selected based on their increased hybridization signals with female flower cDNA and further analysed by a virtual northern blot. Female and male flower bud cDNA from two stages of development (early and late) was separated in an agarose gel, transferred to nylon membranes and hybridized with the labelled inserts of each of the clones. Three of the clones (Fem23, Fem32 and Fem37) produced much stronger hybridization signals in female flower cDNA ( Figure S1 ), suggesting that their respective genes were highly expressed in female flowers. The clone Fem32, showing the highest difference in hybridization signals between female and male flower cDNAs, was selected for further analyses. The other clones were not fully characterized, although the translated sequence of Fem23 was highly homologous to that of plant CREB-binding protein (CBP)-type histone acetyltransferases (HATs) (Boycheva et al., 2014) , and that of Fem37 shared a high identity with plant a-N-acetylglucosaminidase enzymes (Maeda and Kimura, 2014) .
FEM32 molecular structure and expression
Female flower cDNA was used as a template in RACE-PCR reactions to amplify the 3 0 and 5 0 ends of the FEM32 transcript. The complete transcript corresponds to a sequence of 1883 bp with an open reading frame of 1587 bp, encoding a protein of 529 amino acids. A BLASTP (http:// www.blast.ncbi.nlm.nih.gov/) similarity analysis revealed that FEM32 shares weak sequence similarities with aerolysin-like proteins in other species, including b PFT of the aerolysin superfamily. The highest identity (29-32%) was found within hypothetical proteins from different species, including Vitis vinifera, Cucumis melo and Cucumis sativus, as well as within known proteins, such as HFR-2 (Hessian Fly Responsive-2), a wheat toxin that is induced in response to infection with Hessian fly larvae (Puthoff et al., 2005) ; the agglutinins from Amaranthus species (Rinderle et al., 1989; Raina and Datta, 1992) ; different types of lectins, such as those produced by the parasitic fungus Laetiporus sulphureus (Tateno and Goldstein, 2003) ; and bacterial PFTs, such as haemolysin-3 from Aeromonas salmonicida (Hirono and Aoki, 1993) .
The domain organization of FEM32 is very similar to that of other members of the aerolysin-like superfamily in different species of bacteria, fungi, plants and animals. It contains two N-terminal agglutinin domains and a C-terminal aerolysin core domain between amino acids 359 and 525 ( Figure 1 and Table S1 ). This structure, in which the poreforming lobe of aerolysin is fused to other domains that facilitate cell membrane binding (as is the case with the Nterminal lectin domain), including the agglutinin domain, the N-terminal C-type lectin fold of the aerolysin/pertussis toxins, and the JACALIN-like domain, which are all involved in binding to N-linked sugars of membrane glycoproteins, is very common in the domain organization of aerolysin-like proteins from a diverse number of species ( Figure 1 and Table S1 ).
The agglutinin domain of FEM32 ( Figure S2 ) shows approximately 36% identity (49% similarity) to agglutinins/ Table S1 for e-value), while the aerolysin core domain, involved in membrane pore formation (Szczesny et al., 2011) , is shown in dark green.
lectins from the Amaranthus species (Rinderle et al., 1989) . These are proteins with a high affinity for methyl-glycosides linked to cell-surface glycoproteins and with a primary structure consisting of two similar 'beta-trefoil' domains. The level of homology was highest between amino acids 89-153 of FEM32, a region corresponding to the agglutinin domain 1, although a significant similarity was also found within domain 2. A similar level of homology was found within the agglutinin domain of plant aerolysins of the HFR-2 family ( Figure S2 ).
The 3D structure of the Aerolysin domain of FEM32 is very similar to that found in functional proteins, containing the complete functional core of the superfamily with two b1 and b2 strands, followed by the membrane insertion hairpin and by two additional b3 and b4 strands (Figure 2a) . This structural scaffold provided by hairpins b1:b4 and b2:b3 has been found to be conserved in other PFTs of the aerolysin superfamily and appears to be essential for the cytolytic activity of these toxins (Szczesny et al., 2011) . The channel formation in the membrane of target cells is triggered by the insertion of b-hairpins, which form a bbarrel pore. A putative pore-forming transmembrane domain (PFTM), which is required for channel formation, has been detected in FEM32 between amino acids Thr 419 and Ser 437 (Figure 2b) .
Clustering based on pairwise similarity and phylogenetic analysis revealed that FEM32 is grouped in the same clade with other aerolysin-like plant proteins but is separate from similar proteins in animals, fungi and bacteria (Figure 3) . Although it has been reported that the genes encoding some aerolysin-like proteins in eukaryotes could have resulted from the recurrent horizontal transfer of bacterial toxin genes to eukaryotes, this cannot be the case for FEM32.
Northern blot and qRT-PCR analyses were performed to explore the expression of FEM32 in different plant tissues. As shown in Figure 4 (a), a single band of approximately 1.8 kb corresponding to the transcript of FEM32 was detected in male and female flowers by Northern blot, but no signal was detected in any of the vegetative tissue tested, including seeds, seedlings, leaves and roots of either female or male plants. Quantitative RT-PCR analyses evidenced two-to three-fold higher levels of gene transcripts in female flowers compared to male ones at the two analysed stages of development: F 0 and F 1 (Figure 4b ). The detailed spatial distribution of FEM32 transcripts during flower development was assessed by in situ RNA/ RNA hybridization. Using mRNA probes covering 726 bp from the 5' region of the gene, 422 bp of the Aerolysin core domain, and a short stretch of 141 bp from the 3 0 untranslated region ( Figure 5 ), we performed in situ RNA/ RNA hybridization on tissue sections across male and female R. acetosa inflorescences. All three antisense probes rendered the same results ( Figure 5 ). In flowers, the expression was lower in males than in females, consistent with quantitative RT-PCR and northern blot results. The expression was detected even in the very early stages of female floral development (stage 2, according to the nomenclature of Ainsworth et al., 1995) , when young female floral primordia showed higher expression than did male floral primordia ( Figure 5 ). (Tamura et al., 2007) using the neighbour-joining method. The confidence probability was estimated using the bootstrap test (100 000 replicates) and is shown next to the branches. The tree is rooted with the epsilon toxin from Clostridium perfringens. Bacteria appear in blue, plants in green, fungi in brown, and animals in red. The accession number of each protein appears in Table S1 .
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Ectopic expression of FEM32 in transgenic tobacco plants
To assess FEM32 function, we generated a set of transgenic tobacco lines in which FEM32 was ectopically expressed in tobacco under the constitutive promoter CaMV-35S and the specific promoter of the MAD-box gene AP3, the latter targeting the expression of FEM32 to in petal and stamen primordia. Sixteen 35S::FEM32 and 13 AP3::FEM32 independent T 0 plants were acclimatized in pots and then transferred to the greenhouse for phenotypic evaluation. All of the plants were verified by PCR analysis to contain the respective transgenes and promoters (Table S2) .
The most remarkable phenotypic effect of the two transgenic constructions was a reduction in fruit set, which resulted in a decrease in the size and number of fruits per inflorescence (Table S2 ). Of the 16 T 0 plants bearing the construct 35S::FEM32, four produced no fruit or a reduced number of very small fruits, four had an intermediate fruit set and normal fruit size, and the remaining had a normal fruit set and normal fruit size (Table S2 ). In the 13 analysed T 0 AP3::FEM32 plants, three had no fruit set or produced very small fruits, three showed an intermediate fruit set, and the remaining showed a normal fruit set and size. The altered phenotype in the T 0 plants was correlated with the expression level of the transgene in both leaves and flowers of plants having the three observed phenotypes: wildtype (WT), medium fruit set and no fruit set (Table S2 and Figure S3 ). When regulated by the 35S promoter, the transgene FEM32 was much more strongly expressed than when it was under the control of AP3 ( Figure S3 ). Moreover, in the AP3:FEM32 transformants, the expression of FEM32 was only detected in the flowers ( Figure S3 ). The two lines with the strongest gene expression and altered phenotypes for fruit set in the T 0 transformants of each construction were selected for further analysis: 35S::FEM32-24, 35S::FEM32-26, AP3::FEM32-7 and AP3:: FEM32-16.
After selfing, the 35S::FEM32 plants produced no fruit or seed, while the AP3::FEM32 ones produced a small amount of smaller fruits with some viable seeds. When selfing was not possible, T 1 seeds were obtained by cross-pollinating transgenic plants with WT pollen. T 1 seeds were again selected in kanamycin-containing MS medium, and resistant plants were grown in the greenhouse for a more detailed phenotypic evaluation. The T 1 segregation rate for kanamycin resistance in the four selected lines was adjusted to 3:1 or 1:1 (resistant:sensitive), indicating that these four lines contain a single-copy insertion of the transgene (Table S3 ). The expression of FEM32 in the leaves, flowers and floral abscission zones from the four selected T 1 families is shown in Figure S4 . In 35S::FEM32 plants, FEM32 expression was higher than in AP3:FEM32 ones, and in the latter, no transcript was detected in the leaves or flower abscission zones ( Figure S4 ).
Throughout the vegetative development of the T 1 plants, the phenotypic effect of the FEM32 transgene was lower. No differences were detected in the shape or size of the leaves. Nevertheless, compared to the control WT plants, the transgene was able to delay the flowering time of the tobacco plants, measured as the number of leaves below the inflorescence ( Figure S5 ). The number of days from transplant to the opening of the first flowers was only delayed in the line 35S::FEM32-26 and not in the other three lines ( Figure S5) .
The most appreciable effect of FEM32 overexpression was detected in inflorescence and flower morphology (Figure 6 ). Compared with control WT plants, which produced plenty of fruits (Figure 6a ), the two 35S::FEM32 transformant lines showed an inflorescence with no setting fruit. The lack of fruit set resulted in a higher proliferation of flowers in the inflorescence, although these flowers abscised a few days after anthesis, giving rise to inflorescence shoots full of signals left behind by the dropped flowers (Figure 6a ). The inflorescences of AP3::FEM32 transformants were characterized by a higher proliferation of flowers (Figure 6a seeds ( Figure 6a ). The evolution of fruit size was compared between WT and the four transgenic lines a few days postanthesis (DPA) (Figure 6b ). The WT fruits initiated their growth at 5 DPA. The fruits of transgenic plants barely initiated their growth, except those of the AP3::FEM32-7 line, in which the fruits initiated modest growth at 5 DPA but stopped rapidly after a few days, thus achieving a significantly smaller size than that of WT fruits (Figure 6b ). In the WT flowers, fertilization was followed by floral organ senescence and abscission at 7 DPA (Figure 6c ). The unfertilized flowers of the AP3::FEM32 lines remained attached to the inflorescence shoot, and the floral organs started to senesce at 5-7 DPA; however, they did not abscise from the ovary as in fertilized flowers (Figure 6c ). In the two 35S::FEM32 lines, unfertilized flowers with already senescent floral organs dropped through the abscission zone of the floral pedicel at approximately 7 DPA (Figure 6c ). The lack of fruit set in transgenic lines overexpressing FEM32 is likely to be caused by male sterility because pollination with WT pollen gave rise to normal-sized fruits and viable seeds. To confirm this hypothesis, we compared the flower morphology and pollen production in WT and transgenic lines at anthesis (Figure 7 ). Mature anthers of WT flowers contained a considerable amount of pollen. The anthers of transgenic flowers in both 35S::FEM32 and AP3:: FEM32 plants were smaller, pale green coloured and shrunken; they dried up earlier than did those of WT flowers and contained either low levels or no sign of pollen (Figure 7a , b). Mature flowers of the 35S::FEM32 and AP3::FEM32 transgenic lines were slightly smaller than the WT ones ( Figure 7b ). In fact, the length of the transgenic petals and stamens was significantly shorter than that of the WT ones (Figure 7c) , and the length of the pistils was also reduced, except for in the line 35S::FEM32-26, where the pistil protruded above the anthers (Figure 7b,c) . To test whether the change in the length of the reproductive organs was associated with an overall reduction in flower size, we calculated the ratio between the length of the stamens and petals and the ratio between the length of the pistil and petals (Table 1) . The stamen/petal length ratio was always lower in the transgenic flowers, although no significant difference was found between transgenic and WT flowers. In contrast, the pistil/petal length ratio was always higher in transgenic flowers, with significant differences between 35S::FEM32-26 and WT flowers (Table 1) . These results indicate that the overexpression of FEM32, although resulting in an overall smaller flower, was able to reduce stamen development while encouraging pistil growth, the expected role of sex determination genes in species with unisexual flowers.
Pollen fertility was assessed by determining the rate of fluorescent-stained pollen after staining with fluorescein diacetate (FDA test), counted under an ultraviolet fluorescence microscope. The results are summarized in Figure 8 . Compared with the WT, in which more than 80% of pollen was stained with FDA and thus considered fertile, the transgenic lines produced less than 40% fertile pollen (Figure 8a) . Most of the transformed pollen grains had irregular shapes and were not stained with FDA; they were considered aborted pollen grains (Figure 8b,c) . The viability of the pollen was not affected by the nature of the promoter used. The lowest percentage of pollen fertility was observed in the 35S::FEM32-24 and AP3:FEM32-7 lines, in which the average percentage of pollen viability was 5% and 15%, respectively (Figure 8d ). However, pollen viability was correlated with pollen production. The lower the production of pollen, the lower the percentage of viable pollen (Figure 8d ). 1991). To identify regulatory genes involved in Rumex sex determination, we did not search for Y-linked genes, as has been done in other dioecious species, such as Silene latifolia (Lebel-Hardenack et al., 2002), papaya and persimmon (Akagi et al., 2014) , but rather for genes that had a higher expression in female than in male flowers. In this paper, we focused on the FEM32 gene. The null expression of FEM32 in any organ of the plant, except flowers, and the higher expression of this gene in female flowers compared to that in male flowers indicate that its function might be associated with the differential development of female and male unisexual flowers.
Our study of homology and protein alignments has shown that FEM32 is similar to an aerolysin-like protein containing two N-terminal agglutinin/lectin domains, which are highly specific when binding to carbohydrates on the cell membrane, and one C-terminal aerolysin-like core domain, which is responsible for forming channels in cell membranes by way of the so-called PFTs (Parker et al., 1996) . This bipartite structure, very similar to that found in canonical bacterial toxins, is also shared by some eukaryotic members of the aerolysin family, such as HFR-2, a wheat toxin that is induced in response to infection with Hessian fly larvae and in response to the defence signalling hormones methyl jasmonate (MeJA) and salicylic acid (SA) (Puthoff et al., 2005) . Being a lectin-like protein, FEM32 can perform a number of biological functions. It is a fact that lectins, which are strictly defined as proteins containing at least one non-catalytic domain and that are able to bind reversibly to specific mono-or oligosaccharides, are involved in diverse functions, including defence against bacteria, viruses, fungi, nematodes and insects; symbiosis with bacteria; glycoprotein folding and turnover; abiotic stresses; and storage (Faruque et al., 2015) . Recently, plant lectins have been recognized as being involved in cellular regulation and signalling (Van Damme et al., 2004) and as having biological activities that promote cell apoptosis (a form of programmed cell death; PCD) and autophagy (see Jiang et al., 2015 for a recent review). PCD is essential during normal developmental processes in plants, such as xylogenesis, pollen maturation, leaf senescence, seed germination, and embryogenesis (Pennell and Lamb, 1997) , and has been shown to be associated with the abortion of inpriate sexual organs in the unisexual flower development of monoecious and dioecious species (Diggle et al., 2011) .
FEM32 overexpression suppresses male fertility and enhances pistil development in tobacco
Because there is no proven method for Rumex transformation, we studied FEM32 function in a heterologous system. The overexpression of FEM32 in tobacco revealed that this aerolysin-like protein, when expressed at an appropriate level driven by the constitutive CaMV35S or the flower-specific AP3 promoter, is able to arrest the growth of stamens and the development of pollen, resulting in partially or completely male-sterile plants. The ectopic expression of FEM32 also boosted pistil development in the analysed transgenic lines. The most extreme male-sterile phenotypes were found in T 0 and T 1 transgenic lines showing the highest expression of FEM32, while those T 0 plants that exhibited an intermediate-or fully male-fertile phenotype showed no or only low expression of the transgene. The results of this paper indicate that plant lectin/aerolysin-like proteins can regulate plant development processes, such as sex determination and flower development. Faruque et al. (2015) isolated and characterized 19 amaranthine-like lectin genes in flax. The features of two of these genes, LuALL8 and LuALL13, resemble those of FEM32, since: (a) they were more highly expressed in floral tissues; (b) they were not induced by hormones (as occurs with the other identically expressed lectins); and (c) LuALL13 also contains the C-terminal aerolysin domain present in FEM32 (Faruque et al., 2015) . In addition to their proposed function in defence against pests and diseases, plant aerolysinlike proteins may be involved in the regulation of plant developmental processes. A lectin receptor-like kinase (lectin RLK) in which the lectin domain is coupled with a serine/threonine kinase domain has been found to play a critical role in Arabidopsis pollen development (Wan et al., 2008) . Jacalin-Lectin-like proteins are mainly involved in jasmonic acid-mediated defence responses (Xiang et al., 2011) , but it was recently found that Arabidopsis JACALIN-LECTIN LIKE1 (AtJAC1) regulates flowering time (Xiao et al., 2015) , as previously demonstrated for the wheat JACALIN-like lectin VER2 (Yong et al., 2003) .
Possible function of FEM32 in Rumex sex determination and flower development
The degree of development of floral organs in unisexual flowers of monoecious and dioecious species reveals that there are various mechanisms by which plants modify the default developmental programme of hermaphrodite flowers. The abortion of inappropriate organs may occur at different stages of male and female flower development depending on the species Diggle et al., 2011) . In Rumex flowers, stamen or carpel development aborts in the very early stages of development (Ainsworth et al., 1995) . In the female flower, there is an incipient proliferation of cells in the third whorl that look like stamen primordia. In the male flower, however, there is no significant proliferation of cells in the fourth whorl (Ainsworth et al., 1995) . The defective development of stamens in transgenic tobacco overexpressing FEM32 suggests that FEM32 could be a sex determination gene that has a dosage-dependent feminizing role in Rumex, regulating the suppression of stamens and pollen and promoting pistil development in female flowers, where the gene is mostly expressed (Figures 4 and 5) . If so, the absence of the conversion of hermaphrodite flowers into unisexual flowers in tobacco transformants could be explained by differences between tobacco and Rumex heterologous systems. On the other hand, because in tobacco FEM32 mainly altered pollen development, it is unlikely that FEM32 functions as a sexdeterminant gene in Rumex, but rather as a feminizing effector that responds to sex and is therefore under the control of an unknown sex determination gene. A homeodomain transcription factor that also regulates anther fertility in a dosage-dependent manner was detected recently as an autosomal feminizing MeGI gene of dioecious persimmon (Diospyros lotus). This gene is the target of a Y chromosome-encoded small RNA that acts as a sex determinant in persimmon (Akagi et al., 2014) .
The molecular mechanisms involved in the abortion of inappropriate organs in male and female flowers of R. acetosa are unknown. In the unisexual flowers of some plant species, such as S. latifolia (Grant et al., 1994) , asparagus (Bracale et al., 1991) , maize (Calderon-Urrea and Dellaporta, 1999), cucumber (Hao et al., 2003) and kiwi (Coimbra et al., 2004) , the abortion of inappropriate sexual organs occurs through a process of PCD (DeLong et al., 1993; Diggle et al., 2011) . In the male flowers of maize, the abortion of carpel primordia is known to be associated with a nuclear fragmentation process that begins in the subepidermis and is later extended to the whole organ (Calderon-Urrea and Dellaporta, 1999). Nuclear degeneration processes have not been observed in the abortion of floral organs in R. acetosa flowers (Ainsworth et al., 1995) . Nevertheless, the mechanisms that induce PCD are very diverse and are not always associated with nuclear fragmentation. The molecular structure and expression pattern of FEM32 suggest that this gene could activate some form of PCD, a process that could be mediated by the action of its lectin domains for binding to specific glycoproteins on the cell membrane and facilitated by the formation of pore structures in the membranes and the subsequent leakage of the cytosolic content through its pore-forming aerolysin domain. Additional research will be required to demonstrate whether this molecular mechanism is involved in the growth and development arrest of floral organs and/or pollen grains in R. acetosa.
EXPERIMENTAL PROCEDURES
Material of R. acetosa and sex identification
Seeds from R. acetosa were collected from a natural population in 'Puerto de la Ragua' (Sierra Nevada, Granada, Spain), germinated in Petri dishes and grown in pots under greenhouse conditions in Almer ıa, Spain. The sex of each plant was established not only based on its phenotype but also using a molecular marker linked to the Y chromosome. The genomic DNA from leaves of each individual plant was electrophoresed in agarose gels, transferred to nylon membranes and hybridized with labelled probes for the Y-specific satellite DNAs RAYSI (Shibata et al., 1999) and RAYSII (Mariotti et al., 2009) . Hybridization and detection were performed by the nonradioactive method Direct Nucleic Acid Labelling and Detection System (Amersham Pharmacia Biotech, www.apbiotech.com) following the manufacturer's recommendation.
Construction of a subtractive cDNA library enriched with female flower genes
The subtractive cDNA library was prepared using the PCR Select cDNA Subtraction Kit (Clontech, www.clontech.com). The tips of male and female racemose inflorescences were removed in such a way that we collected male and female floral buds at developmental stages ≤5, when the arrest of stamen and carpel development took place (Ainsworth et al., 1995) . RNA of R. acetosa female and male floral buds in these very early stages of development was extracted using the method described by Ainsworth (1994) . cDNA was then synthesized from 1 g of total RNA using the Smart PCR cDNA Synthesis Kit (Clontech). For the introduction of suitable ends for later adapter ligation, as well as for the generation of a more uniform size distribution of the cDNA fragments, doublestranded cDNA was digested with RsaI. The female flower cDNA (tester) was separated into two aliquots and ligated to adapters 1 and 2R via RsaI ends. This cDNA was then subjected to a process of subtractive hybridization with excess cDNA from male flower buds (driver). The two tester cDNA populations were subjected to a second hybridization round with an excess of denatured driver cDNA. The products of the hybridizations were used as templates in a first PCR reaction using an oligonucleotide from the common region of adapters 1 and 2R as a primer. The product of the first PCR reaction was then subjected to a nested PCR using primers derived from the unique regions of primers 1 and 2R. The final PCR product was purified and cloned into the vector pGEM-T Easy and transformed into E. coli competent cells.
The complete cDNA sequences of the identified genes were achieved by the rapid amplification of cDNA ends (RACE) using the SMART RACE cDNA Amplification Kit (BD Biosciences). For the FSM32 gene, the specific primers used were RACE-32R for the synthesis of the 5 0 RACE fragment and RACE-32F for the synthesis of the 3 0 RACE fragment (Table S4 ).
Northern and virtual northern blot hybridizations
For northern blot hybridizations, total RNA was extracted from different organs of R. acetosa using the protocol of Ainsworth (1994) .
The correct amounts of RNA were reported by densitometry; RNA was denatured at 65°C for 5 min, separated in agarose gel containing formaldehyde/formamide in MOPS buffer (Sambrook et al., 1989) , and transferred over 12 h by capillarity to nitrocellulose membranes (Optitran BA-S 85; Schleicher & Schuell) using 209 SSC as a transfer solution.
The hybridizations were performed with radiolabelled probes. DNA probes were labelled with 50 lCi of a 32 P-dCTP (Amersham) by random primers (Feinberg and Vogelstein, 1983) using the Rediprime DNA Labelling System Kit (Amersham Pharmacia Biotech). Unincorporated nucleotides were removed by exclusion chromatography on microspin S-200 HR columns (Amersham Pharmacia Biotech, www.apbiotech.com) .
After hybridization, the membranes were washed at 65°C for 10 min in 59 SSC and 0.1% SDS and then in decreasing concentrations of salt (2.5 9 SSC, 1 9 SSC and 0.1 9 SSC) and 0.1% SDS at the same temperature. Finally, the membranes were sealed in plastic bags and exposed to radiographic film Hyperfilm N+ (Amersham Pharmacia Biotech) between intensifying screens at À80°C for the time required for adequate visualization.
For virtual northern blot hybridizations, the RNA in the membrane was substituted by cDNA. The same amounts of double-stranded cDNAs from male and female flower buds at two developmental stages were separated by agarose gel electrophoresis, transferred by capillarity to Hybond N + nylon membranes (Amersham Pharmacia Biotech) over one night using 0.4 M NaOH as a transfer buffer, and hybridized with labelled inserts of each clone. Hybridization and detection were performed using the non-radioactive method Direct Nucleic Acid Labelling and Detection System (Amersham Pharmacia Biotech) and following the recommendation of the manufacturer.
Quantitative real time RT-PCR
Gene expression analysis was performed in three replications per sample. Each replication was the result of an independent extraction of RNA. The total RNA was extracted from different plant organs of R. acetosa and N. tabacum using the Aurum Total RNA Mini kit (Bio-Rad, Hercules, CA, USA). The remaining DNA in the RNA samples was eliminated by digestion with RQ1 RNase-free DNase (Promega, www.promega.co.uk) . After confirming the quality and concentration of RNA by gel electrophoresis and spectrophotometry, 1 lg of total RNA was used for cDNA synthesis with the TaqMan Reverse Transcription Kit (Applied Biosystems, www.appliedbiosystems.com).
Gene expression was assessed by quantitative RT-PCR using the RotorGene thermocycler (Qiagen, www.qiagen.com) and the Power SYBR Green PCR Master Mix (Qiagen). The primers (Table S4) were designed with Primer Express v. 2.0 software (Applied Biosystems). To ensure the specificity of gene expression, primers were designed from the 3 0 UTR region of the gene, and the first amplicons were sequenced. Quantitative RT-PCR reactions were optimized for different primer concentrations and cDNA dilutions.
The relative expression of each gene was determined by the comparative C t (cycle threshold) method using R. acetosa or N. tabacum 18S ribosomal RNA and ACTIN genes as internal standards (Manzano et al., 2010) .
In situ hybridization
For tissue sectioning, whole inflorescences of R. acetosa plants were fixed in 2% formaldehyde, 5% acetic acid, and 60% ethanol. Inflorescences were washed in phosphate-buffered saline and transferred to Cryomount embedding medium (HistoLab, FRG, http://www.histolab.se/en/). Following freezing in liquid nitrogen, 7-lm sections were obtained using a cryomicrotome CM 1810 (Leica) and mounted onto SuperFrost microscope slides (Menzel). After being washed in 2 9 SSC, the slides were treated with Proteinase K (1 lg ml À1 , Roche) for 30 min at 37°C, Proteinase K was inactivated by glycine, and the slides were post-fixed in 4% formaldehyde.
To label the probes, DNA was recloned into the pGEM-T Easy vector (Promega), plasmids were linearized, and RNAs were produced and labelled with digoxigenin during Run-off transcription using the DIG RNA Labelling Kit (Roche). Both antisense and control sense probes were generated using the primers in Table S4 .
The pre-hybridization solution consisted of 50% formamide, 300 mM NaCl, 10 mM Tris-Cl (pH 7.5), 10 mM Na-phosphate buffer (pH 6.8), 1 mM EDTA, 10% dextran sulphate, 70 mM dithiothreitol, and yeast tRNA (500 lg ml À1 ). After pre-hybridization for 2 h at 50°C, the antisense and sense probes were added to the respective slides (100 ng per slide) in 50 ll of pre-hybridization solution, and the slides were hybridized overnight at 50°C. The hybridized slides were washed in 2 9 SSC and stringently washed in 0.1 9 SSC at 50°C for 1 h. The detection of digoxygenilated probes was performed using the DIG Nucleic Acid Detection Kit (Roche) according to the manufacturer's recommendations. Expression signals were acquired under the light microscope AX70 (Olympus, www.olympus.es) equipped with a charged coupled device (CCD) camera.
DNA sequence analysis
Sequencing was performed using ABIPRISM 377 equipment (Perkin Elmer). Alignments were performed using the BLAST alignment tools at NCBI (http://www.blast.ncbi.nlm.nih.gov/) and ClustalW at GenomeNet Database Resources (http://www.genome.jp/tools/clustalw/). Phylogenetic relations were studied using MEGA4 software (Tamura et al., 2007) , which allowed the alignment of proteins and the construction of phylogenetic trees using the UPGMA method (Sneath and Sokal, 1973) , with 2,000 bootstrap replicates (Felsenstein, 1985) . The DNA sequence of FEM32 was deposited in the EMBL database under accession number KU521538.
Plasmid constructs and plant transformation
For the 35S::FEM32 construct, the complete coding DNA sequence (CDS) of FEM32 was amplified by PCR with the pair of specific primers FSM32-FS3a and FSM32-RS3 (Table S4 ) after being cloned into the pGEM-T Easy vector (Promega). The FEM32 insert was excised with EcoRI and then inserted into the EcoRI site of the pJIT60 vector. The FEM32 CDS was thus placed downstream of a double cauliflower mosaic virus (CaMV) 35S promoter. Colonies were screened to select for the correct orientation of the gene FEM32 by digestion with BglII, a restriction enzyme having sites in both the gene and the 35S promoter. The KpnI and EcoRV fragment that contained the gene expression cassette of 35S::FEM32 was then recovered from pJIT60 and inserted into the binary vector pBin19, which also contains a neomycin phosphotransferase gene (NPTII) for kanamycin selection (Figure 9a ).
For the AP3::FEM32 construct, a PCR fragment containing the complete CDS sequence of the FEM32 gene was amplified with primers FSM32-FS3aC and FSM32-RS3C, both modified to include BamHI restriction sites. The PCR fragment was first cloned into the pGEM-T easy vector system (Promega). The AP3 promoter was derived from a construct described by Switzenberg et al. (2014) , containing the construct AP3::ACS in the binary vector pCambia2300. The ACS gene in pCambia2300-AP3::ACS was removed by BamHI digestion and replaced with the BamHI fragment of FEM32, previously cloned by the pGEM-T easy vector (Figure 9b ). Colonies were screened to select the sense orientation of FEM32 based on internal BglII sites in the gene and the AP3 promoter. All of the inserts in the constructs were sequenced to confirm their identity.
All of the plasmids were transferred into Agrobacterium tumefaciens by electroporation. The leaf disc transformation method as described by Horsch et al. (1985) was used for the Agrobacteriummediated transformation of Nicotiana tabacum cultivar Xanthi. The transformed plants were selected on MS medium containing 100 mg l À1 kanamycin, and the transgenic nature of the seedlings was confirmed by PCR analysis using specific primers derived from the AP3 and S35 promoters, as well as from the FEM32 gene (AP3FSM32-F and FSM32-R2 for AP3::FEM32 transformants, and FSM32-1818 and FSM32-RS3 for 35S::FEM32 transformants). T 0 transgenic lines were then transferred to soil and grown to maturity under greenhouse conditions. The seeds from the T 0 plants were germinated in kanamycin-containing MS medium, and the surviving plantlets were transferred to the greenhouse to obtain the T 1 generation plants that were used in the present study. T 2 seeds were also harvested for subsequent analysis.
Phenotypic evaluation of transgenic plants
Flowering time was estimated by counting the number of leaves below the inflorescence, as well as the number of days from sowing to the opening of the first flower in the inflorescence.
Flower morphology was determined in at least 10 tobacco flowers per line. Flowers were dissected just after opening, and the lengths of the filament, style, and ovary were measured as the distance between the base of the ovary to the top of each organ. The (a, b) The FEM32 PCR-amplified fragment was inserted between the CaMV 35S promoter and terminator in the binary vector pBin19 (a) or between the flower-specific AP3 promoter and the 35S terminator in the pCambia2300 vector (b). RB and LB, right and left borders, respectively, of T-DNA; P-Nos and T-Nos, Nopaline synthase gene promoter and terminator, respectively; P-35S and T-35S, CaMV 35S promoter and terminator, respectively; NPTII, neomycin phosphotransferase gene; and P-AP3, AP3 gene promoter.
ovary growth rate was determined by measuring the calibre and length of the organ from anthesis to 14 DPA. The percentage of fruit set was assessed by counting the number of set and unset fruits in a section at the top of the inflorescence bearing approximately 100 flowers. Abscised flowers and small ovaries with no seeds were considered unsettled. At least 10 inflorescences were analysed for each T 1 transgenic line.
To test pollen viability, individual anthers of mature tobacco flower were suspended in 100 ll of 0.5 M sucrose and 1 ml of acetone containing 2 mg ml À1 of fluorescein diacetate (FDA), vortexed to release pollen grains, and incubated for 30 min at room temperature. After incubation, 20 ll of each suspension was deposited onto a glass slide and observed immediately under a fluorescence microscope. The grains that glowed bright green were classified as viable, while those that were pale or colourless were classified as non-viable. A minimum of 10 anthers from five independent flowers were examined for each genotype. At least 150 pollen grains in total were countered in the suspension of each anther.
To assess pollen production in WT and transgenic lines, the total number of pollen grains was counted in five randomly chosen microscope fields on each microscope slide. The experiment was repeated at least five times for each genotype, and the production of pollen in each transgenic line was expressed as the reduction in the percentage of pollen produced by transgenic anthers compared with untransformed WT anthers.
Statistical analysis
Significant differences were ascertained by simple and factorial analyses of variance (ANOVA) at P < 0.05 using the STATISTIX 8.0 software package, and each pair of means was compared using the method of Fisher's least significant difference (LSD). To be able to apply these statistical techniques, the variables were required to follow a normal distribution. When the assumption of normality failed, the variables were transformed.
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